Metastasis is responsible for the major mortality in lung cancer, which is the leading cause of cancer-associated death in the world ([@bib26]). Approximately two-thirds of non-small cell lung cancer (NSCLC) patients are diagnosed at an advanced stage, and 30%--50% of the remaining patients who can undergo surgery will develop recurrence with metastatic disease ([@bib10]; [@bib35]). If mechanism in the initiation of metastasis could be uncovered, it may provide an important therapeutic target for prevention or inhibition of metastasis in clinic.

It has been proposed that, in the processes of cancer metastasis, tumour cells execute the following steps: invasion *in situ*, intravasation, survival in circulation, extravasation, micrometastasis and final colonisation ([@bib30]; [@bib7]). To date, it is well known that epithelial--mesenchymal transition (EMT) is a primary step to induce tumour cell invasion and metastasis *in situ* ([@bib34]; [@bib29]; [@bib11]). In initiation of EMT, cell--cell adhesion, a key factor in maintaining epithelial morphology, is disrupted, followed by the cytoskeleton of epithelial cells transforming into mesenchyal-like cells ([@bib1]; [@bib8]). These findings suggest that a protein that can enhance cell adhesion and inhibit cytoskeletal remodelling may provide an important target to suppress EMT and tumour metastasis.

In cell adhesion, tight junction is a specific junctional complex ([@bib4]). The protein--protein interaction in tight junction proteins can link to the actin cytoskeleton, serving as a maintainer of cell structure ([@bib36]). Loss of tight junction is proved to be an important step leading to the loss of cell--cell adhesion and final metastasis ([@bib24]; [@bib20]). Tight junction molecules, such as claudins, zona occludens 1(ZO-1) and occludins, have been demonstrated in previous studies to be correlated with tumour progression and metastasis ([@bib13]; [@bib12]; [@bib8]). The expression of metaderin (MTDH) protein, a component part of tight junction complex and marker of mature tight junction, has been demonstrated to be altered in various human cancers, including breast cancer ([@bib6]; [@bib14]), hepatocellular carcinoma ([@bib37]) and head and neck squamous cell carcinoma ([@bib22]). However, the correlation of MTDH and NSCLC has still remained unexplored.

We hypothesised that MTDH protein controls the adhesion and cytoskeletal remodelling of cancer cells and thereby has a key role in the development and metastasis of NSCLC. The aim of this study was to investigate the correlation between MTDH expression and prognosis of NSCLC patients and to explore the effect and mechanism of MTDH on the development and metastasis of NSCLC.

Materials and methods
=====================

Patients and tissue sample collection
-------------------------------------

The research proposal related with patients was approved by chairman of the ethics committee at Jinling Hospital. Specimens from lung tumours and the corresponding adjacent normal tissues for mRNA level analysis were obtained from 38 patients with histologically confirmed NSCLC who underwent surgical resection at Jinling Hospital between 1 April 2011 and 30 July 2012. Protein level was assessed on tumour specimens from an independent cohort of 40 patients histologically diagnosed as NSCLC and underwent surgical resection at the Jinling Hospital between 7 July 2000 and 23 October 2006.

Plasmid constructs and establishment Of MTDH-overexpressing cell line
---------------------------------------------------------------------

Full length of MTDH coding sequence was cloned into PCR 3.1-HA(c) (presented by Professor Huang of Nanjing University Animal Model Research Center). Constructs were confirmed by restriction and sequence analysis. SiRNA that specifically targeted MTDH sequence were designed or purchased (Genepharma, Shanghai, China) (The sequence of primer sequence for full length of MTDH coding sequence is shown in [Supplementary Table S1](#sup1){ref-type="supplementary-material"} and [Supplementary Table S2](#sup1){ref-type="supplementary-material"} shows sequences of siRNAs).

Stable MTDH-overexpressing NSCLC cells were established by integrating MTDH gene into the genomic DNA of human NSCLC cell lines using Lipofectamine 2000 Reagent (Invitrogen, Shanghai, China).

Quantitative real-time PCR (Q-PCR), immunohistochemistry (IHC) staining, immunofluorescence (IF) staining and western blotting
------------------------------------------------------------------------------------------------------------------------------

We used Q-PCR for quantitative analysis of mRNA level and IHC staining for evaluation of protein expression in cancer tissues. IF staining was used to identify MTDH expression site and cell structure, and western blotting was used for evaluating protein level of EMT markers in cells (Primer sequences for real-time PCR are shown in [Supplementary Table S3](#sup1){ref-type="supplementary-material"}).

Cell culture
------------

Human lung cancer cell lines A549, H1299 and H1650 (from ATCC, Manassas, VA, USA) were cultured. Anchorage-dependent and -independent growth ability of cells was assessed by MTT, Edu proliferation assay and soft agar assay, respectively. Proliferation capacity was further confirmed by cell cycle assay. We then used scratch wound and transwell assays to evaluate the migration and invasion ability of cells.

Animal work
-----------

All mouse studies were approved by the animal centre at Jinling Hospital. For proliferation experiment, 2 × 10^6^ cells were injected subcutaneously in the right flank of 6-week-old BALB/c nude mice (*n*=12 per group). Mice were killed at 8 weeks, and primary tumours were isolated. For metastasis experiment, 1 × 10^6^ cells were injected into the lateral tail veins of 6-week-old BALB/c nude mice (*n*=5 per group), killed at 12 weeks, and primary tumours and sites of metastasis were isolated.

Statistical analyses
--------------------

Chi-squared test was performed to compare baseline clinical characteristics between patients in different groups. Survival curve was estimated by Kaplan--Meier analysis and the log-rank test was utilised to examine the significance of the differences in survival distributions between groups.

Data are presented as mean±s.d. The difference between the two groups was analysed using the unpaired Student\'s *t*-test, and Kruskal--Wallis analysis was used to test the differences between multiple groups. These statistical analyses were performed using the SPSS18 (SPSS, Chicago, IL, USA) and Prism statistical program (GraphPad, La Jolla, CA, USA). All statistical tests were two-sided, and *P*-value \<0.05 was considered statistically significant.

Results
=======

MTDH expression predicts metastasis and prognosis for NSCLC patients
--------------------------------------------------------------------

In the total 38 pairs of NSCLC tissues and corresponding normal lung tissues (clinical characteristics shown in [Supplementary Table S4](#sup1){ref-type="supplementary-material"}), relative mRNA expression of MTDH in 35 NSCLC tissues was reduced compared with the normal tissue ([Figure 1A](#fig1){ref-type="fig"}). After normalisation by the basal expression of corresponding normal lung tissues, the mean mRNA expression of MTDH was 0.363±0.091 in all pairs. MTDH mRNA level in 26 patients with N0 stage was significantly higher than that in 12 patients with lymph node metastasis (*P*=0.0256), as shown in [Figure 1B](#fig1){ref-type="fig"}.

The result of IHC revealed that, compared with benign tumour, the protein expression of MTDH was also decreased in NSCLC tissues. Interestingly, we found that lung cancer tissues with no lymph node metastasis show higher MTDH expression ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). According to the intensity and range of positive staining, 40 NSCLC patients ([Supplementary Table S5](#sup1){ref-type="supplementary-material"}) were divided into two groups, with 24 patients in the low MTDH expression group and 16 in the high MTDH expression group. As shown in [Table 1](#tbl1){ref-type="table"}, MTDH expression had a significant correlation with lymph node metastasis and TNM stage (*P*=0.001 and 0.011, respectively). The median overall survival (OS) time in all 40 patients was 600 days, and median OS time in the low and high MTDH expression group was 500 days and 800 days, respectively. Low MTDH protein expression was significantly associated with decreased OS ([Figure 1D](#fig1){ref-type="fig"} *P*=0.013).

Results of univariate analysis demonstrated that MTDH was a prognostic predictor. OS prognostic variables were MTDH (HR=2.601, *P*=0.017) and gender (HR=0.487, *P*=0.043) ([Table 2](#tbl2){ref-type="table"}). After adjusting these two prognostic factors in the multivariate logistic regression analysis, the result revealed that MTDH was an independent prognostic factor for OS in NSCLC patients (*P*=0.038).

According to the histology of the NSCLC tissues, the difference of MTDH expression between adenocarcinoma and squamous cell carcinoma was also analysed. As shown in [Supplementary Figure S2](#sup1){ref-type="supplementary-material"} and [Table 1](#tbl1){ref-type="table"}, both mRNA expression and protein expression of MTDH have no significant difference in the two histological types of lung cancer. [Figure 1C](#fig1){ref-type="fig"} also shows high expression and low expression of MTDH protein in the two histological types.

MTDH inhibits cell proliferation *in vitro*
-------------------------------------------

With evidence that MTDH was correlated with NSCLC, the effect of MTDH on carcinogenesis was then investigated *in vitro*. It is shown in ATCC website that H1299 was derived from metastatic lymph node and H1650 was from metastatic pleural effusion while A549 was from primary carcinoma. The mRNA level of MTDH was relatively higher in A549 cell and lower in H1299 and H1650 cells ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}), which was in accordance with the result in NSCLC patients.

H1299 and H1650 cell lines were then chosen to establish MTDH-overexpressing cells. After selection, H1299 MTDH5 (M5) and H1650 MTDH1 (M1) cells with mildly upregulated MTDH expression and H1299 MTDH12 (M12) and H1650 MTDH2 (M2) cells with highly upregulated MTDH expression were chosen according to the verification of both mRNA and protein level ([Figure 2A](#fig2){ref-type="fig"}).

MTT assay was used to assess the proliferative ability. Using absorbance at 24 h as reference, cell proliferation ratio was obtained by absorbance at 48, 72 and 96 h. The result suggested that compared with control cell proliferation rates in MTDH-overexpressing cells were decreased ([Figure 2B](#fig2){ref-type="fig"}).

The newly synthesised DNA was further evaluated by EdU-binding ability. After synchronisation, positive cells with EdU in MTDH-overexpressing cells were significantly reduced compared with control cells, as shown in [Figure 2C](#fig2){ref-type="fig"}.

Anchorage-independent growth ability, one hallmark of cell neoplastic transformation, was tested by soft agar assay. The result revealed that both the number and size of colonies in agar were significantly reduced in MTDH-overexpressing cells ([Figure 2D](#fig2){ref-type="fig"}).

We then examined the effect of MTDH expression on cell cycle to explore the mechanism. The percentage of S phase in cell cycle were 69.87% in H1650 control cells, 41.32% in H1650 M1 cells and 28.9% in H1650 M2 cells (*P*\<0.001; [Figure 2E](#fig2){ref-type="fig"}). The result suggested that cell cycle was arrested and cell proliferation was inhibited when MTDH expression was increased.

MTDH inhibits cell migration and invasion *in vitro*
----------------------------------------------------

Scratch wound and transwell assays were applied to assess the motility and invasive properties. As shown in [Figure 3A](#fig3){ref-type="fig"}, migratory ranges in MTDH-overexpressing cells were reduced at 10 and 24 h. At 10 h, the scratch coverage was decreased in H1299 M5 and M12 cells (*P*\<0.001; [Figure 3A](#fig3){ref-type="fig"}). The coverage at 24 h was also significantly reduced (*P*\<0.001, [Figure 3A](#fig3){ref-type="fig"}).

The results of transwell assay displayed that after 12 h migratory cells through the chamber were decreased in H1299 MTDH-overexpressing cells ([Figures 3B and C](#fig3){ref-type="fig"}). The similar result was obtained in H1650 cells ([Figures 3B and C](#fig3){ref-type="fig"}). Compared with control cells, the number of invasive cells through matrigel in MTDH-overexpressing cells was also significantly reduced after 24 h ([Figure 3B and C](#fig3){ref-type="fig"}).

MTDH regulates actin cytoskeletal remodelling
---------------------------------------------

Under light microscope, the control cell exhibited an elongated, spindle-shaped and mesenchymal-like morphology, while MTDH-overexpressing cells presented an epithelial-like polygon appearance, smoother cell edge and increased cell adhesion ([Figure 3D](#fig3){ref-type="fig"}). IF showed that MTDH dominantly existed in cytoplasm. When MTDH level was overexpressed, F-actin-enriched filopodia extensions were decreased, cell size was increased and lost mesenchymal feature ([Figure 3E](#fig3){ref-type="fig"}). In [Figure 3F](#fig3){ref-type="fig"}, F-actin filament aggregation and filopodia in the leading edge was observed in control cell and was significantly decreased in MTDH-overexpressing cells.

Early cell migration observed at 6 h after scratch demonstrated that there were distorted and elongated cells moving to scratched area in control cells ([Figure 3G](#fig3){ref-type="fig"}). At migration front, actin cytoskeleton was remodelled to pro-metastatic, spindle-shaped and mesenchymal-like structure in H1650 control cell. Actin-rich filopodia was shown in the leading edge of H1299 control migratory cells ([Figure 3H](#fig3){ref-type="fig"}). The area of migratory cell at the leading edge was measured, and results showed that cell size was significantly increased in MTDH-overexpressing cells ([Figure 3I](#fig3){ref-type="fig"}).

MTDH inhibits EMT *in vitro*
----------------------------

To further confirm the effect of MTDH expression on metastasis, we investigated the changes of EMT markers. The mRNA expression levels of epithelial markers E-cadherin, Claudin-1 and ZO-1 was significantly increased in H1299 M12 cells ([Figure 4A](#fig4){ref-type="fig"}). On the contrary, the mRNA expression levels of mesenchymal marker Vimentin and EMT-induced factors Slug, Snail and ZEB-1 were inhibited ([Figure 4A](#fig4){ref-type="fig"}).

Results of western blotting also revealed that the protein expression levels of epithelial markers E-cadherin, Claudin-1 and ZO-1 were increased while the expression of MTDH was increased, whereas the marker proteins of mesenchymal Vimentin, Slug, Snail and ZEB-1 were decreased ([Figure 4B](#fig4){ref-type="fig"}).

The similar results were also observed in H1650 cells, as E-cadherin expression was increased and Vimentin expression was decreased in both mRNA and protein levels when the MTDH expression in H1650 cells was overexpressed ([Figure 4C and D](#fig4){ref-type="fig"}).

The classical tumour-promoting AKT signal pathway was also detected in our study but was not activated when MTDH expression was altered ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}).

Knockdown of MTDH expression increases migration in A549 cells
--------------------------------------------------------------

To ascertain whether decreased MTDH expression could increase NSCLC cell metastasis, we chose another NSCLC cell line A549 which has relatively higher MTDH expression ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). The endogenous MTDH expression in A549 cells was knocked down by siRNA ([Figure 5A](#fig5){ref-type="fig"}). As a result, the migration ability was decreased in A549 siMTDH cells ([Figure 5B](#fig5){ref-type="fig"}).

The observation of cell morphology suggested that in A549 siMTDH cells typical polygonal epithelial cell structure was transformed into slender, reduced cell adhesive, mesenchymal-like spindle-shape, which was similar with the cell morphology after TGF-*β* stimulation ([Figure 5C](#fig5){ref-type="fig"}).

The decreased E-cadherin and increased Vimentin in A549 siMTDH cells were observed by western blotting, which was similar to the changes after TGF-*β* stimulation as well ([Figure 5D and E](#fig5){ref-type="fig"}). Interestingly, the changes of E-cadherin and Vimentin expression levels were increased after TGF-*β* stimulation in A549 siMTDH cells ([Figure 5E](#fig5){ref-type="fig"}).

MTDH inhibits tumorigenesis and tumour growth *in vivo*
-------------------------------------------------------

Tumorigenesis and tumour growth in subcutaneous tumour-implanted BALB/c-nu mice were observed 8 weeks after injection. Tumorigenesis was observed in a total of 12 mice in the H1299 control group, while only three mice had tumours in the H1299 M12 group ([Figure 6A](#fig6){ref-type="fig"}). According to the maximum and minimum diameters of the obtained tumour, the mean tumour size was 1.208 cm^3^ in the H1299 control group and 0.667 cm^3^ in the H1299 M12 group (*P*=0.0083; [Figure 6B](#fig6){ref-type="fig"}). The average weight of tumours in the H1299 control group was 0.465 g, while that in the H1299 M12 group was 0.246 g, *P*=0.0456 ([Figure 6C](#fig6){ref-type="fig"}).

MTDH inhibits cancer metastasis *in vivo*
-----------------------------------------

There were no obvious nodules on the surface of lung in both the H1299 control group and M12 group 12 weeks after tail vein injection in BALB/c-nu mice ([Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}). However, the metastatic superficial lymphadenopathy was significantly different in the M12 group when compared with the control group. Both size and number of metastatic superficial lymph nodes were decreased when MTDH expression was increased ([Figure 6D and E](#fig6){ref-type="fig"}). In the control group, there were five lymph nodes from the neck, armpits and groins, with an average size of 55.7 mm^3^, while only two lymph nodes from left groin were obtained in the M12 group, with the average size of 9.86 mm^3^ (*P*=0.0007, [Figure 6E](#fig6){ref-type="fig"}).

In addition, bloody pleural effusion was observed in four mice from the H1299 control group, while in the M12 group only one mouse had bloody pleural effusion ([Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}).

Increased MTDH, increased E-cadherin expression and decreased Vimentin protein were seen in metastatic lymph nodes in the M12 group, detected by IHC ([Figure 6F](#fig6){ref-type="fig"}).

Discussion
==========

The present study for the first time demonstrates that MTDH expression was significantly correlated with lymph node metastasis, TNM stage and prognosis in NSCLC patients. Overexpression of MTDH can inhibit proliferation by cell cycle arresting, reduce the anchorage-independent growth *in vitro* and inhibit tumorigenesis and tumour growth *in vivo*. Moreover, overexpression of MTDH could significantly decrease cell migration and invasion ability. MTDH overexpression reverses pro-metastatic actin cytoskeleton remodelling and therefore inhibits EMT. By contrast, suppression of MTDH expression induced pro-metastatic actin cytoskeleton remodelling and EMT, which was similar to the TGF-*β* stimulation. The decrease of number and size of metastatic lymph nodes in mice implanted with MTDH-overexpressing cells further confirmed the important role of MTDH in cancer metastasis, which was consistent with the result in cell lines.

MTDH protein was first identified as a novel protein that is designated as LYsine-Rich CEACAM1 co-isolated (LYRIC) protein, and CEACAM 1 is known to be a cell adhesion molecule and tumour suppressor ([@bib31]; [@bib17]; [@bib5]). [@bib5] demonstrated that MTDH co-localised with tight junction protein ZO-1 and occludins at in polarised epithelial cells. When junction complexes are disrupted, MTDH dissociates from ZO-1 and is recruited during the maturation of the tight junction complex ([@bib5]).

Altered MTDH expression was reported in some cancers, including breast cancer, hepatocellular carcinoma, head and neck squamous cell carcinoma and prostate cancer, showing prognostic benefits ([@bib16]; [@bib14]; [@bib22]; [@bib37]). Increased MTDH expression in breast cancer and hepatocellular carcinoma predicted worse prognosis in patients ([@bib14]; [@bib37]). [@bib6] identified a lung-homing domain in MTDH protein that selectively targeted phage as well as cells to the lung, which led a high trend of second metastasis to lung. As a protein that mediates specific adhesion to lung vasculature, the effect of MTDH on lung cancer was first found in our present study that MTDH expression was decreased in NSCLC tissues and low MTDH expression was significantly correlated with worse OS, showing that MTDH was a prognostic factor in NSCLC patients.

The tight junction proteins have been revealed to be tumour suppressor in lung cancer previously. Tight junction protein Claudin-1 is identified as a metastasis suppressor and correlates with clinical outcome in lung adenocarcinoma ([@bib8]). Another tight junction protein occludin was not detected in any cases of squamous cell carcinoma, large cell carcinoma, small cell carcinoma or large cell neuroendocrine carcinoma ([@bib32]). Tight junctions function to regulate the electrical and solute permeability of the paracellular space, segregate the apicolateral part of the cell membrane and regulate the polarity of epithelial cell, therefore they have an important role in cancer development and metastasis ([@bib24]; [@bib19]; [@bib27]). MTDH, as a protein recruited in the mature tight junction complex, may contribute to the maintenance of tight junction.

As previously mentioned, disruption of cell--cell adhesion and detachment of cancer cells from the niche are the primary process in cancer metastasis ([@bib21]). Cell dissociation, motility and invasiveness are the important early steps in the process ([@bib9]). In our study, data demonstrated that MTDH overexpression transformed the morphology of NSCLC cells from metastatic slender, spindle-shaped mesenchymal-like shape to polylateral epithelial-like structure. The motility and invasiveness were also inhibited in MTDH-overexpressing cells. Additionally, we found that MTDH overexpression could inhibit both anchorage-independent and -dependent growth in NSCLC cells by arresting cell cycle. These data suggested that MTDH may inhibit the initial step of cancer progression and metastasis.

However, there are some conflicting reports that increased MTDH expression enhances tumour metastasis by inducing EMT in breast cancer and hepatocellular carcinoma ([@bib18]; [@bib37]). EMT, an initial event in cancer metastasis, is identified to have three characteristics: (1) morphological changes from epithelial cells with an apical--basal polarity to spindle-shaped mesenchymal cells with migratory protrusions; (2) changes of differentiation markers from epithelial to mesenchymal; and (3) the functional changes that can invade through ECM ([@bib3]; [@bib38]; [@bib34]). Interestingly, we found that the three major changes of EMT were inhibited in NSCLC cell lines when MTDH expression was increased. When the expression of MTDH silenced, the suppression effect of EMT was inhibited. As a result, the expression of Vimentin is increased and the expression of E-cadherin is decreased, which reveals that the process of EMT is promoted. The morphology of cells is changed into mesenchymal-like, and the migration of cells is promoted. As a well-known EMT inducer, TGF-*β* promoted EMT in A549 cell lines, and the changes in cell morphology and proteins were comparable in A549 siMTDH cells. These data together prove that MTDH is associated with metastasis through EMT in NSCLC. Moreover, p-AKT, a classical tumour-promoting signal pathway, was revealed to be active when MTDH is overexpressed in breast cancer ([@bib15]) but has no change in NSCLC cell lines in the present study ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). Thus, our results supported the conclusion that MTDH expression in NSCLC functions to suppress cancer metastasis.

Unlike other cancers, the expression of MTDH in lung cancer is decreased, making it necessary to find out the silencing mechanisms. In the process of tumorigenesis and development of cancer, many genes, especially the tumour-suppressor genes, are silenced. The most frequent silencing mechanism is epigenetic modification. Several types of epigenetic inheritance systems are accepted to have an important role in the process, such as DNA methylation and chromatin remodelling, RNA transcripts, microRNAs, as well as the new long non-coding RNAs. MicroRNAs are demonstrated to be involved in the initiation and development of EMT. In many cancers, microRNA 200 (miR-200) family members (miRNA-141, miR-200a, b and c and miRNA-429) are proved to suppress EMT by targeting ZEB1 and ZEB2, which are the transcriptional activators of EMT ([@bib33]; [@bib2]; [@bib28]). It is also proven in NSCLC that loss of miR-200 EMT functions in a feedback loop with ZEB1 and ZEB2 to regulate the EMT ([@bib25]; [@bib23]). ZEB1 is also proved in our study to be involved in the MTDH silencing promoting EMT, which indicates that microRNA may be involved in the MTDH-silencing mechanisms. In the further work, the epigenetic modification will be focused on to find out the MTDH-silencing mechanism.

Taken together, increasing expression of MTDH could inhibit cell proliferation, tumour formation and metastasis, and MTDH is an important factor for predicting metastasis and prognosis. It provides a new tool for early diagnosis, a new target for effective metastatic treatment and a new theoretical basis in NSCLC.
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![**Metadherin (MTDH) expression levels are associated with prognosis of patients with NSCLC.** (**A**) Q-PCR analysis of MTDH mRNA levels in 38 pairs of primary tumours and corresponding normal lung tissues. (**B**) MTDH mRNA levels in patients with or without lymph node metastasis (*n*=26 and 12). Data are mean±s.d. \**P*=0.0256. (**C**) Immunohistochemical staining of high expression and low expression of MTDH in tumour specimens from lung cancer patients with adenocarcinoma and squamous carcinoma, respectively. (**D**) Kaplan--Meier estimates of overall survival in 40 patients with surgically resected NSCLC. The median MTDH staining score was served as a cutoff to divide patients into high and low MTDH expression groups. Red line: patients with high MTDH expression, blue line: patients with low MTDH expression. Low MTDH protein expression was associated with significantly decreased overall survival (*P*=0.013, log-rank test).](bjc2014267f1){#fig1}

![**MTDH expression inhibits NSCLC cell proliferation *in vitro*.** (**A**) Q-PCR and western blotting analyses for expression of MTDH in H1299 and H1650 control clones, selected stably transfected high MTDH-expressing clones (H1299 MTDH12 and H1650 MTDH2) and lowMTDH-expressing clones (H1299 MTDH5 and H1650 MTDH1). GAPDH and *β*-actin were, respectively, used as control for mRNA and protein. Fold of MTDH expression was normalised to the expression of control cells. \*\*\**P*\<0.0001 compared with vector control cells. (**B**) MTT assay of H1299/H1650 control and MTDH-overexpressing H1299/H1650 cells. Cell absorbance at 24 h was used as reference. Cell proliferation in MTDH-overexpressing cells was significantly decreased at 72 h/24 h and 96 h/24 h. \*\**P*\<0.01, \*\*\**P*\<0.001 compared with vector control cells. (**C**) EdU cell proliferation assay of H1299/H1650 control and MTDH-overexpressing H1299/H1650 cells. \*\*\**P*=0.0002 compared with vector control cells. The numbers of EdU-binding cells in MTDH-overexpressing H1299/H1650 cells were significantly reduced. \*\**P*=0.0011 compared with vector control cells. (**D**) Anchorage-independent growth ability. Colony size was smaller in MTDH-overexpressing H1299/H1650 cells, and the number of colonies in MTDH-overexpressing H1299/H1650 cells was significantly reduced. \*\**P*\<0.01, \*\*\**P*\<0.001 compared with vector control cells. (**E**) Cell cycle analysis of H1650 vector control and MTDH-overexpressing cells. The percentage of S phase in cell cycle was significantly decreased in MTDH-overexpressing cells. Data are mean±s.d. \**P*\<0.05 compared with vector control cells.](bjc2014267f2){#fig2}

![**Cell migration and invasion were suppressed and actin cytoskeletal remodelling was regulated by MTDH expression *in vitro*.** (**A**) Scratch wound-healing assays. Migratory ranges in MTDH-overexpressing H1299 cells (H1299 MTDH5 and MTDH12) were significantly less than that in parental H1299 control cells. (**B**) Migratory and invasive abilities of H1299 control and MTDH-overexpressing H1299 (H1299 MTDH5 and MTDH12) and H1650 control and MTDH-overexpressing H1650 cells (H1650 MTDH1 and MTDH2) by transwell assay. Upper panel: After 12 h, cells migrated through the chamber. Lower panel: After 24 h, cells invaded through the chamber with matrigel. (**C**) The number of migratory and invasive cells in H1299 control and MTDH-overexpressing H1299 and H1650 control and MTDH-overexpressing H1650 cells. The number of migratory and invasive cells through the chamber was significantly decreased in H1299 M5 and M12 cells compared with control cells and in H1650 M1 and M2 cells compared with control cells. Each experiment was repeated at least three times. Data are mean±s.d. \*\**P*\<0.01, \*\*\**P*\<0.001 compared with control. (**D**) Morphological appearance of H1299/H1650 control and MTDH-overexpressing H1299/H1650 (H1299 MTDH5 and MTDH12, H1650 MTDH1 and MTDH2) cells. The vector control cells exhibited an elongated, spindle-shaped and mesenchymal-like morphology, while MTDH-overexpressing cells exhibited an epithelial-like polygon appearance, smoother cell edge and increased cell adhesion. (**E**) Cellular cyto-immunofluorescence. MTDH dominantly existed in cytoplasm. In MTDH-overexpressing cells, F-actin-enriched filopodial extensions were decreased. (**F**) Enlarged figures of cell structures. Arrowheads: F-actin filaments aggregation and filopodia. F-actin filament aggregation and filopodia in cells\' leading edge was significantly decreased in MTDH-overexpressing H1299/H1650 cells. (**G**) Early cell migration and cell morphology. Arrowheads: distorted and elongated cells at the edge. At 6 h, H1299/H1650 control cells already moved to scratch. (**H**) F-actin structure of cells at early migration. Upper panel: Actin cytoskeleton of H1299 cells at 6 h after scratch. Pro-metastatic cytoskeleton with actin-rich filopodia was shown in the leading edge of H1299 control cells. Lower panel: Actin cytoskeleton of H1650 cells at 6 h after scratch. Compared with MTDH-overexpressing cells, actin cytoskeleton was remodelled to pro-metastatic, spindle-shaped and mesenchymal-like structure in the leading H1650 control cell. (**I**) The area of migratory cell at the leading edge. The cell size was significantly increased in MTDH-overexpressing cells. Each experiment was repeated at least three times. Data are mean±s.d. \**P*\<0.05, \*\**P*\<0.01 compared with control.](bjc2014267f3){#fig3}

![**Suppression of epithelial--mesenchymal transition in cells by MTDH overexpression.** (**A**) Q-PCR analysis of EMT markers mRNA expression in H1299 cells. The mRNA expression levels of E-cadherin, Claudin-1 and ZO-1 were significantly increased and those of Vimentin, Slug, Snail and ZEB-1 were decreased in MTDH-overexpressing H1299 cells. Data are mean±s.d. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 compared with control. (**B**) Western blotting analysis of EMT markers\' protein expression in H1299 cells. The protein levels of E-cadherin, Claudin-1, ZO-1 were increased and those of Vimentin, Slug, Snail and ZEB-1 were accordingly decreased in MTDH-overexpressing H1299 cells. (**C**) Q-PCR analysis of EMT markers\' mRNA expression in H1650 cells. The mRNA expression of E-cadherin was significantly increased and that of Vimentin was decreased in MTDH-overexpressing H1650 cells. Data are mean±s.d. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 compared with control. (**D**) Western blotting analysis of EMT markers\' protein expression in H1650 cells. The protein expression of E-cadherin was increased and that of Vimentin was accordingly decreased in MTDH-overexpressing H1650 cells.](bjc2014267f4){#fig4}

![**Knockdown of MTDH expression increases migration in A549 cells.** (**A**) Q-PCR and western blotting analyses for expression of MTDH in selected knockdown A549 cells (A549 siMTDH) by transfecting MTDH-targeting siRNA. Negative control siRNA-transfected A549 cells (A549 siNC) and only lipo-transfected A549 cells (A549 Mock) served as negative control. GAPDH and *β*-actin were, respectively, used as control for mRNA and protein. \*\*\**P*\<0.0001 compared with control. (**B**) Migration ability of A549 cells. Migration ability of A549 siMTDH was significantly decreased than that in A549 siNC and A549 Mock. (**C**) Cell morphology of A549 cells. Typical polygonal epithelial structure in A549 siNC was transformed into slender, reduced cell adhesive, spindle-shaped mesenchymal-like structure in A549 siMTDH cells, which was similar to the cell morphology after TGF-*β* stimulation. (**D**) Q-PCR analysis of EMT markers\' mRNA expression in A549 cells. The mRNA expression of E-cadherin was significantly decreased and that of Vimentin increased in A549 siMTDH cells. Data are mean±s.d. \**P*\<0.05, \*\**P*\<0.01 compared with control. (**E**) Western blotting analysis of EMT markers\' protein expression in A549 cells. E-cadherin expression was decreased and Vimentin expression was increased in A549 siMTDH cells and was also similar to the changes after TGF-*β* stimulation. The downtrend of E-cadherin expression and uptrend of Vimentin expression was increased after TGF-*β* stimulation in A549 siMTDH cells.](bjc2014267f5){#fig5}

![**Suppression of tumorigenesis, tumour growth and metastasis by MTDH overexpression *in vivo*.** (**A**) 2 × 10^6^ cells were suspended in 100 *μ*l phosphate-buffered saline (PBS) and injected subcutaneously in BALB/c-nu mice (12 mice per group). At 8 weeks after injection, tumorigenesis and tumour growth were recorded. (**B**) Tumour sizes in the control and MTDH-overexpressing groups. The tumour size was calculated according to the maximum diameter and minimum diameter of the obtained tumour. The tumour sizes in MTDH-overexpressing group were significantly reduced. (**C**) Tumour weights in the control and MTDH-overexpressing groups. Tumour weights in the MTDH-overexpressing group were also inhibited by MTDH expression. Data are mean±s.d. \**P*\<0.05, \*\**P*\<0.01 compared with control. (**D**) 1 × 10^6^ cells were suspended in 100 *μ*l PBS and injected into the lateral tail vein of BALB/c-nu mice (5 mice per group). At 12 weeks after injection, all mice were killed, and the number of metastatic foci was determined. Arrowheads: enlarged superficial lymph node in the H1299 control cell and MTDH-overexpressing H1299 cell (H1299 MTDH12) groups. (**E**) Metastatic superficial lymphadenopathy. Both the size and number of metastatic superficial lymph node were significantly decreased in the H1299 MTDH12 group compared with the control group. Data are mean±s.d. \*\*\**P*=0.0007 compared with control. (**F**) Immunohistochemical staining of metastatic superficial lymph node. The MTDH expression was confirmed to be increased in the H1299 MTDH12 group, and E-cadherin was increased and Vimentin was correspondingly decreased.](bjc2014267f6){#fig6}

###### Distribution of clinical characteristics stratified by MTDH protein expression in 40 patients with non-small cell lung cancer

  **MTDH expression**      **Low**     **High**   ***P*****-value**
  ------------------------ ----------- ---------- -------------------
  No. of patients          24          16          
  Age (years, mean±s.d.)   59.3±12.8   57.9±9.3    
   ⩽65                     15          11         0.392
   \>65                    10          4           
  **Gender**                                      
  Female                   12          2          0.026
  Male                     13          13          
  **Smoking status**                              
  Never                    16          6          0.140
  Ever                     9           9           
  **Histology**                                   
  Non-squamous             14          8          0.870
  Squamous                 11          7           
  **Lymph metastasis**                            
  None                     6           12         0.001
  Ever                     19          3           
  **TNM stage**                                   
  I                        4           10         0.011
  II                       12          4           
  III                      8           1           
  IV                       1           0           
  **Overall survival**                            
  Days (median)            500         800        0.013

Abbreviations: MTDH=metaderin; TNM=Tumour, Node, Metastasis.

###### Result of univariate analysis with respect to OS in 40 NSCLC patients

                          **Overall survival**                   
  ----------------------- ---------------------- --------------- -------
  **MTDH**                                                       
  High (*n*=16)           1                                       
  Low (*n*=24)            2.601                   1.190--5.685   0.017
  **Age (years)**                                                
  ⩽65 (*n*=26)            1                                       
  \>65 (*n*=14)           0.996                   0.489--2.029   0.991
  **Gender**                                                     
  Female (*n*=14)         1                                       
  Male (*n*=26)           0.487                   0.243--0.978   0.043
  **Smoking status**                                             
  Non-smoker (*n*=22)     1                                       
  Smoker (*n*=18)         0.670                   0.339--1.323   0.249
  **Histology**                                                  
  Non-squamous (*n*=22)   1                                       
  Squamous (*n*=18)       0.534                   0.251--1.135   0.103
  **Lymph metastasis**                                           
  None (*n*=18)           1                                       
  Ever (*n*=22)           1.611                   0.790--3.288   0.190
  **TNM stage**                                                  
  I (*n*=14)              1                                       
  II (*n*=16)             0.822                   0.373--1.808   0.626
  III (*n*=9)             1.138                   0.454--2.854   0.783
  IV (*n*=1)              6.896                   0.765--62.192  0.085

Abbreviations: MTDH=metaderin; TNM=Tumour, Node, Metastasis.
